We present video-rate (28 frames/s) far-field optical imaging with a focal spot size of 62 nm in living cells. Fluorescently labeled synaptic vesicles inside the axons of cultured neurons were recorded with STED (stimulated emission depletion) microscopy in a 2.5×1.8 µm² field of view. By reducing the cross-section area of the focal spot about 18-fold below the diffraction limit (260 nm), STED allowed us to map and describe the vesicle mobility within the highly confined space of synaptic boutons. While restricted within boutons, the vesicle movement was substantially faster in non-bouton areas, in line with the observation that a sizeable vesicle pool continuously transits through the axons. Our study demonstrates the emerging ability of optical microscopy to investigate intracellular physiological processes on the nanoscale in real-time.
Many questions in the life sciences could be answered if lensbased optical microscopy featured the resolution of electron microscopy, or if the electron microscope operated under physiological conditions. However, for reasons deeply rooted in the working principles of these systems, nanoscale resolution and non-invasive cellular imaging seemed mutually incompatible. Although widely accepted for decades, this notion is rapidly changing. Particularly in fluorescence imaging, far-field optical concepts have emerged that are no longer limited by diffraction (1) (2) (3) (4) (5) (6) (7) (8) (9) . For example, stimulated emission depletion (STED) microscopy (1, 2) overcomes the diffraction barrier by producing fluorescent focal spots smaller than D ≈200-300 nm in diameter. In a typical STED microscope, the focal spot of excitation light is overlapped with a doughnut-shaped spot of light of lower photon energy, quenching excited molecules in the excitation spot periphery by stimulated emission. The net result is a subdiffraction-sized fluorescent spot of diameter 
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Up to now the 20-70 nm resolution realized with STED has been used to map the nanoscale distribution of proteins inside cells (3) and on the plasma membrane (2) . However, in all of these applications, the cells were fixed or at least static, leaving it open as to whether nanoscale imaging of fast physiological phenomena would be possible. Besides, the fast recording of high resolution image frames is challenged by the limited number of photons emitted during the frame time.
To meet these challenges, we balanced the resolution d, tuning the spot down to a size where we were able to collect just enough photons from the features of interest to safely discern them from background. This strategy, a special feature of STED microscopy and related techniques (7), allowed reliable repeated imaging of rapidly moving small organelles inside living cells with nanoscale resolution. Specifically, we investigate the movement of synaptic vesicles in cultured neurons.
While several steps in synaptic vesicle recycling are well understood (10), vesicle movement has been difficult to study, because the ~40 nm diameter vesicles are housed in presynaptic nerve terminals of ~1 μm in diameter, referred to as synaptic boutons. Most current insights have therefore been gained by sparse vesicle labeling (11) (12) (13) , or by indirect methods, such as fluorescence recovery after photobleaching (14) (15) (16) and correlation spectroscopy (17) (18) (19) .
Higher spatial resolution enables the imaging of a sizeable fraction of the vesicles simultaneously. We labeled cultured hippocampal neurons with monoclonal mouse antibodies directed against the intravesicular (lumenal) domain of the synaptic vesicle protein synaptotagmin (2) . The antibodies were briefly applied to the neurons (on ice), followed by an exposure to anti-mouse Fab fragments labeled with the organic fluorophore Atto 647N featuring ≈ 10-20 MW/cm 2 at a de-excitation wavelength of 750 nm. This procedure ensured that only vesicles fused to the plasma membrane were labeled (2), since only these vesicles were exposed to the outside space ( Fig. 1A and Ref. (28)). The labeled vesicle pool encompassed as many as 10-20 % of all vesicles (20) , moreover, this pool fully participates in active vesicle recycling as confirmed by the rapid endocytosis of the label (Fig. 1B) . Two minutes after labeling only ~18 % of the label still resides on the surface; after 10 minutes the value had dropped to ~8 %.
s I Fig. 1C shows that, unlike standard confocal, STED microscopy enables the detection of single synaptic vesicles. Video-rate imaging was accomplished by scanning the excitation and depletion beam pair in the focal plane by means of a 16 kHz resonant mirror in one direction; the second direction was scanned by moving the sample with a piezo actuator (21) . This configuration allowed us to image an 1.8 × 2.5 µm² area within 35 ms, i.e. at 28 frames per second (movie S1 and (28)). By imaging the fluorescence onto a pinhole and acquiring images rapidly, noise levels amounted only to ~0.1 and 0.02 counts per pixel inside and outside the axons, respectively (Fig. 1C) . While a single detected photon in a pixel could still be due to noise, the probability of simultaneously detecting three or more photons is several standard deviations above the noise level, allowing us to conclude that the detected signal originates from labeled features. This reasoning was confirmed by comparing consecutive frames, where the labeled objects moved only slightly (see example in Fig. 1C , middle and right panels), unlike random noise would do. We also measured the frequency of false positive identifications in preparations where no specific signal was expected (see methods); we found it to be on average around 0.1 events per frame. Applying I = 400 MW/cm 2 renders a full width at half maximum (FWHM) of our vesicles of 62 nm ( Fig. 1E ), which means that the effective focal detection area is reduced 18-fold compared to confocal imaging. To further improve the confidence of vesicle recognition in our data, we applied a mathematical filter (Fig. 1D ) which essentially was a smoothing algorithm. The resolution enhancement, coupled with the filter, allowed us both to observe individual vesicle movements ( Fig. 2A) and to track individual vesicles automatically ( Fig 2B and (28) ). Although bleaching did occur during data acquisition ( fig. S1 ), we were able to trace large numbers of vesicles, in ~130 movies of 1000 frames each, from four independent experiments. While the vesicles resided mainly in a low mobility state (Fig. 2C ) (14, 15) , most traces also included rapid movements, with the average speed for each individual vesicle peaking around ~2 nm/ms (Fig. 2D ).
Since the movement was largely non-directional, overall vesicle displacement appeared to be restricted (Fig. 2E) . In agreement with previous observations, which found mobility to be low also during synaptic activity (13) , none of the mobility parameters increased substantially during stimulation with elevated KCl. To determine whether vesicle movement was diffusive or motor-driven, we perturbed cytoskeletal elements by use of the actin disturbing agent Latrunculin A, or via the microtubule disturbing nocodazole. The results ( fig. S2) show that both drugs reduce vesicle mobility, indicating that active transport plays a role in vesicle traffic in axons. Nevertheless, motion still persisted, suggesting that a substantial fraction of the vesicle movement is diffusive.
Interestingly, even after bleaching the vesicles that were initially present ( fig. S1 ), fluorescence persisted as new vesicles continuously entered the imaged area, with a rate of 0.5-3 vesicles per second in different experiments (Fig. 2F ). This result, even taken at its lowest value, indicates that a fairly high amount of vesicles passes constantly through the boutons (see also Ref. (22)).
As a control we also imaged and analyzed the vesicles in chemically fixed neurons, in which case the vesicle movement was substantially reduced, as detailed in fig. S3 . We occasionally observed vesicles instantly losing their fluorescence and then re-appearing after up to a few seconds (blinking), a phenomenon known from single molecule recordings but also from few molecule ensembles (23); see fig. S4 .
To better understand the patterns of overall vesicle movements, we investigated the sum of all frames for each of the individual movies. Areas where vesicles moved randomly appeared blurred, while stationary vesicles induced "hot spots" (Fig. 3A, left panel) . Interestingly, a number of movies also showed linear patterns, indicative of vesicle routes or "tracks" (Fig. 3A, right panel) . Typically, the "hot spots" assembled in areas reminiscent of confocal images of the synaptic boutons (Fig. 3B) ; the tracks, however, seemed to form between such boutons. The pattern of summed staining was not due to random vesicle accumulations, as it was relatively stable throughout each movie (Fig. 3B-C) . We analyzed 8-10 movies clearly dominated by "hot spots" or "tracks", respectively, and we observed, as expected, that the vesicles within spot-dominated areas (boutons) tended to be much less mobile (Fig. 3D-E) , exhibiting a behavior much closer to the one in fixed neurons ( fig. S3) .
To investigate the true nature of the "hot spots", we performed a running average analysis of the movies. Unlike the vesicles, the "hot spots" appear to be essentially immobile and persistent (Fig. 4A-B) . We have frequently observed vesicles moving into "hot spots" and remaining temporarily trapped (Fig. 4C) . However, we have also observed vesicles disappearing instantly from "hot spots", a behavior which we attribute to either blinking or to moving out of the focal plane. The "hot spots" are occupied for about 22% of the time (Fig. 4D) ; 31% of the vesicles ever visit a "hot spot" and individual vesicles remained for 16% of the time in "hot spots" on average (Fig. 4E) . The large number and wide distribution of "hot spots" argues against their being release sites where the vesicles would dock, as in this preparation typically only one, and rarely two small active zones (~200 nm diameter) are found per bouton (24) . The "hot spots" are likely to be "pockets" in the synaptic vesicle clusters where the labeled vesicles are occasionally constrained, although the molecules involved in the synaptic vesicle cross-linking are yet to be clearly defined (25) .
Altogether, synaptic vesicles are quite mobile, although their tendency to move non-directedly generally impedes their effective translation. Our data supports the recently proposed stick-and-diffuse model (18, 19) , where the vesicles repeatedly bind and diffuse away from the cellular elements. Nevertheless, a strong flux of synaptic vesicles is present through the axons (Fig. 2F) . To place it in perspective, if only one vesicle passes per second through a bouton, in about three minutes the number of vesicles passed through equals the total number of vesicles in the bouton (24) . This suggests that the boutons from the same axon may be strongly interlinked, with their (recently endocytosed) vesicles participating in a common "super-pool".
We conclude that STED microscopy can be used to investigate fast biological processes in vivo. The relatively low count rates in our images were less of a problem than one might have thought, since the small spot size (<62 nm), similar to the size of the vesicles (40 nm), allowed treating vesicles as distinct bright objects, which were easily distinguished from the low background. Here we used lowpass filtering to increase the confidence of detecting photon clusters representing vesicles. In the future, however, with a better knowledge of the background statistics and more sophisticated mathematical methods such maximumlikelihood estimation, the vesicle identification could be accomplished without such filtering. Moreover, brighter samples, or more sensitive imaging, would allow for higher resolution, a larger field of view, and/or faster recordings. Besides using higher densities of fluorescent markers, two relatively obvious improvements would allow us to reach this goal: STED with continuous wave beams (26) would increase the instant photon flux and detection with two opposing high aperture lenses would double the detection efficiency (27) . This would permit further improvement of the data, as faster recordings would facilitate automatic tracking at even higher densities, eventually allowing for the rapid imaging of a multitude of intracellular processes in living cells. 
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